ABSTRACT We have identified a topoisomerase activity from Escherichia coli related to DNA gyrase (topoisomerase II); we designate it topoisomerase II'. It was constructed of two subunits, which were purified separately. One is the product of the gyrA (formerly nalU) gene and is identical to subunit A of DNA gyrase. The other is a 50,000-dalton protein, which we have purified to homogeneity and call v. v may be a processed form of the much larger gyrase subunit B or may be derived from a transcript of part of the subunit B structural gene, because preliminary peptide maps of the two subunits are similar. Topoisomerase II' relaxes negatively supercoiled DNA and, uniquely among E. coli topoisomerases, relaxes positive supercoils efficiently. It is the only topoisomerase that can introduce positive supercoils; these are stoichiometric with enzyme molecules. Topoisomerase II' resembles gyrase in its sensitivity to oxolinic acid, the wrapping of DNA in an apparent positive supercoil around the enzyme, and the introduction in an aborted reaction of site-specific double-strand breaks in the DNA with concomitant covalent attachment of protein to both newly created 5' ends. Unlike DNA gyrase, topoisomerase II' has no negative supercoiling activity. Functional chimeric topoisomerases were constructed with the a subunit of the Micrococcus luteus gyrase and v or gyrase subunit B from E. coli. We discuss the implications of the dual role of the gyrA gene product.
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Topoisomerases are enzymes that can alter the supercoiling of DNA (1, 2) . One such enzyme is the w protein of Escherichia colh, Eco topoisomerase I (topo I) (3) . It relaxes negatively supertwisted (underwound) DNA, but is virtually unable to relax overwound DNA (4) . Overwinding is generated by the untwisting of the double helix during replication and, unless relaxed, blocks further replication. DNA gyrase, another topoisomerase of E. coil (5) , catalyzes the ATP-dependent introduction of negative superhelical turns into closed duplex DNA that is initially relaxed or positively supercoiled (6) . Thus it could facilitate the separation of the template strands at a replication fork. Gyrase can also relax negatively (7, 8) but not positively (this report) supercoiled DNA in the absence of ATP.
Gyrase is composed of two subunits (9) (10) (11) . Subunit A is encoded by the gene gyrA [the names gyrA and gyrB replace nalA and cou, respectively (12) ] and is the target of the DNA synthesis inhibitor nalidixic acid and its analog oxolinic acid (9, 13) . Gyrase subunit B is encoded by the unlinked gyrB gene, which determines sensitivity to the drugs novobiocin and coumermycin Al (9, 11, 12) . The separately purified subunits can be mixed to reconstitute gyrase activity (9) . The same ratio of subunits A and B is required to reconstitute the supertwisting and relaxing activities. However, the ratio of oxolinic acidsensitive relaxation activity to supertwisting activity declines to a nonzero plateau value with increasing purity of the DNA gyrase (6, 7, 9) . One explanation for this paradox would be contamination of less pure preparations with a relaxing enzyme distinct from gyrase but sharing with gyrase the gyrA product and thus oxolinic acid sensitivity.
We have identified and purified this enzyme, which we designate topo II'. It was constructed from subunit A and a 50,000-dalton subunit we call v that appears to be related to subunit B. The subunits of topo II' were resolved early in the purification and were purified separately; neither subunit alone had any detectable activity. Topo II' resembled gyrase in that both enzymes relaxed negative supercoils, apparently wrapped their DNA substrate around them in a positive coil (6, 10) , and carried out an aborted reaction in which double-strand breaks were introduced in the DNA at the same specific sites (7, 8, 14, 15) . However topo II' had no supercoiling activity. It also efficiently relaxed positive supercoils and in this respect is the only E. coli topoisomerase similar to eukaryotic topoisomerases (16) .
MATERIALS AND METHODS
Except where indicated, materials and methods were as described (7, 9, 14, 15 with 4 vol of 27% glycerol/10 mM 2-mercaptoethanol/1 mM EDTA and applied to a 4 cm X 0.5 cm2 phosphocellulose (Whatman P-il) column that had been equilibrated with 20 mM potassium phosphate (pH 6.8)/10 mM 2-mercaptoethanol/1 mM EDTA/20% glycerol. The column was then washed with 4 ml of this buffer and eluted with a 30-ml, 0.02-0.8 M linear gradient of potassium phosphate (pH 6.8) containing 10 mM 2-mercaptoethanol, 1 mM EDTA, and 20% glycerol. The v protein eluting at 0.14 M phosphate was >90% pure as determined by NaDodSO4/polyacrylamide gel electrophoresis and was used in most of the experiments described here. Half of this fraction was concentrated to 0.2 ml by dialysis against 30% (wt/vol) polyethylene glycol/0.1 M potassium phosphate (pH 6.8)/10 mM 2-mercaptoethanol/0.1 mM EDTA and sedimented through a 4-ml 15-30% glycerol gradient in the same buffer at 49,500 rpm for 65 hr in a Beckman SW 56 rotor.
Fractions sedimenting at 2.5 S contained v activity (70,000 units/mg). Enzymes were stored at -20°C in 50% glycerol/ 0.1 M potassium phosphate (pH 6.8)/10 mM 2-mercaptoethanol/0.1 mM EDTA, at protein concentrations greater than 0.25 mg/ml and were stable for at least 12 months.
Other Enzymes. Subunits A and B of E. coli DNA gyrase were purified as described (9) . E. coli co protein and a and ,B subunits of Micrococcus luteus DNA gyrase (10) were a gift from J. Wang. Rat liver DNA untwisting enzyme (17) was a gift from J. Champoux.
RESULTS
Identification of a New Topoisomerase Activity. There was little hope of identifying the hypothetical new topoisomerase activity in crude extracts of E. coli because of the high background provided by known topoisomerases. We therefore attempted to resolve this activity chromatographically from previously identified topoisomerases. A preparation of E. coil proteins, separated from nucleic acids by Polymin P treatment and concentrated by precipitation with (NH4)2S04, was fractionated by DEAE-cellulose column chromatography. Fractions were assayed for relaxation of negative supercoils in the presence and absence of pure gyrase subunit A. In the absence of subunit A, the only relaxation activity detected was that of topo I, which eluted prior to the gradient. Inclusion of subunit A in the reaction mixture elicited an additional peak of relaxation activity, eluting at 0.09 M NaCl, slightly ahead of gyrase subunit B (Fig. 1) . The protein responsible for this new activity was designated P. Total relaxation activity due to v exceeded that due to subunit B by an order of magnitude; consequently, subunit B had little effect on the profile of subunit A-complemented relaxation activity depicted in Fig. 1 .
Purification and Physical Properties of v. Using relaxation of negative supercoils in the presence of subunit A as an assay, we purified v to homogeneity as described in Materials and Methods. Polyacrylamide gel electrophoresis in the presence of 0.1% NaDosSO4 showed that v consisted of a single 50,000-dalton polypeptide (Fig. 2) . The quantity of this poly-FIG. 1. Identification of topo II'. Protein extracted from E. coli strain H-560 (8.5 g) was applied to a 25 cm X 24 cm2 column of DEAE-cellulose and eluted with a linear NaCl gradient in 25 mM Tris-HCl (pH 7.5)/10 mM 2-mercaptoethanol/1 mM EDTA/10% glycerol. The 25-ml fractions were assayed for relaxation (0) and introduction (0) of negative supercoils into ColE1 DNA in the presence of excess subunit A. Activity is the absolute value of the change in the linking number of the substrate, in pmol per min per ml of eluate. Relaxation activity due to topo I eluted before the start of the gradient and is not shown. Subunit A eluted at 0. 19 (Fig. 3, lanes b and c) , even at 20 times the amount that gave full activity in the presence of the other (Fig. 3, lane f) , showed relaxation activity. Optimal reaction conditions for topo II' were very similar to those for DNA gyrase. The broad pH optimum eentered at pH 7.5. Addition of EDTA or omission of a divalent cation abolished relaxation (Fig.  3, lane g ). The optimal concentrations of MgCl2, CaC12, and MnCl2 were 7.5 mM, 1 mM, and 0.3 mM, respectively. Topo II' activity was highest at 30 mM KCI; the reaction was inhibited about 50% by 100 mM KCI and was >90% inhibited at 150 mM KCI. Bovine serum albumin and spermidine were not required but enhanced activity. ATP obscures the relaxation activity of DNA gyrase (6) but had no effect on topo II' (Fig. 3, lanes d and  e) . Novobiocin, a drug-that specifically inhibits ATP-dependent gyrase reactions, also had no effect. Oxolinic acid (Fig. 3 , lanes i and j) and N-ethylmaleimide (Fig.-3 , lane h) inhibited topo II' at concentrations comparable to those that inhibit gyrase (7) .
In relaxation of negative supercoils, the specific activity of pure topo II' was nearly identical to that of pure DNA gyrase. However, DNA relaxed by topo II' had a higher electrophoretic mobility than gyrase-relaxed DNA (Fig. 4) , indicating that the topo II'-relaxed DNA was more supercoiled. To determine the sign of this supercoiling, we compared the electrophoretic mobility of the product in two gel systems: a standard gel at 250C (Fig. 4, lanes a-g) and a MgCl2-containing gel at 4VC (Fig.  4, lanes a'-g') (19) . Closed duplex DNA is more negatively, or less positively, supercoiled in the 40C gel. DNA circles relaxed by gyrase (lanes f and f') or topo I (lanes g and g') were slightly negatively supercoiled, so the magnitude of their supercoiling, and thus their electrophoretic mobility, was greater at the lower temperature. In contrast, the products of relaxation by topo II' (lanes c-e and c'-e') were positively supercoiled to an extent depending stoichiometrically on the ratio of enzyme to DNA (roughly +0.7 twists per protomer of the limiting subunit), and thus the magnitude of their supercoiling was reduced at the lower temperature.1 A plausible explanation for the positive supercoiling, based upon a model proposed by Liu and Wang (10) for DNA gyrase, is that topo II', like gyrase, stabilizes positive supercoils when it binds to DNA, but unlike gyrase can relax the counterposing negative supercoils.
Relaxation of Positive Supercoils by Topo II'. Processes involving DNA strand separation generate positive twisting stress. This can be modeled by incubation of DNA with ethidium bromide, which on intercalation reduces the double- 4 . Introduction of positive supercoils by topo II'. Native ColEl DNA (100 fmol) was incubated for 1 hr with: (a and a') no enzyme, (b and b') rat liver DNA untwisting enzyme, (c and c') 0.25 pmol of subunit A + excess v, (d and d') 0.5 pmol of subunit A + excess v, (e and e') 1 pmol of subunit A + excess v, (f and P) 1 pmol of subunit A + excess gyrase subunit B, (g and g') 0.2 pmol of E. coli topo I. One half of each solution (a-g) was electrophoresed under standard conditions and the other half (a'-g') was electrophoresed at 40C through a 1% agarose gel containing 40 mM Tris-acetic acid (pH 7.8)/5mM MgCl2/1 mM EDTA (19) . Closed circular ColEl DNA has roughly 10 additional negative (or fewer positive) supercoils under low-temperature gel conditions. helical twist of DNA and thus induces compensating positive supertwists in closed duplex DNA. If these supertwists are relaxed, the linking number (2) is reduced and upon removal of the dye the DNA becomes negatively supercoiled.
Topo I was essentially unable to relax positive twists (4), (Fig.  5, lane d) . DNA gyrase did not relax these twists in the absence of ATP (Fig. 5, lane c) , contrary to previous results with less highly purified enzyme (7, 8) . However, gyrase introduced negative supercoils into the (initially) positively supercoiled substrate in the presence of ATP (6) (Fig. 5, lane e) . Unlike gyrase, topo II' relaxed positive supercoils in an ATP-independent reaction (Fig. 5, lane b) , and, moreover, its positive supercoil relaxation activity measured as depletion of starting material appeared to match its activity on a negatively supertwisted substrate (cf. (Fig. 6) represent products of cleavage at the a and b sites, respectively (14, 15) . The sites at which topoII' cleaved (Fig.  6, lanes a ahd b) appeared to be identical to those cut by gyrase (Fig. 6, lanes c and d) , but the frequency of cleavage at a given site and the influence of reaction conditions differed. For example, ATP greatly augmented b site cleavage by gyrase and diminished somewhat its cleavage at the a site (Fig. 6, lanes c  and d) . In contrast, the cleavage pattern with topo II' was not affected by ATP (Fig. 6, lanes a and b) The v subunit of topoisomerase II' is a 50,000-dalton polypeptide. No contaminants were detected by NaDodSO4/ polyacrylamide gel electrophoresis (Fig. 1) , and the intensity of the 50,000-dalton band on polyacrylamide gels containing NaDodSO4 paralleled the v activity throughout purification. Because the molecular weight of v calculated from its sedimentation coefficient of 2.5S is even less than 50,000, v is probably a monomer.
Both the gyrA gene product and v were required for all known activities of topoII'. An early report from this laboratory suggested that a topoisomerase activity with properties similar to those of topo II' was intrinsic to the gyrA gene product, then called Pnal (7) . Our subsequent homogeneous preparation of subunit A had no intrinsic topoisomerase activity (6, 9) , and thus Pnal may have been contaminated with v. Such contamination could also explain the relaxation of positive supercoils by partially purified (7, 8) but not highly purified DNA gyrase (Fig.   5 ).
The three E. coli topoisomerases are compared in A comparison of the activities of topo II and topo II' should help clarify specific structure-function relationships. Site specificity of DNA binding was similar for the two enzymes (Fig. 6) , and DNA apparently wrapped around both enzymes in a positive coil (refs. 6 and 10 and Fig. 4 The presence of subunit A in two enzymes confounds the interpretation of physiological effects of drugs or mutations that affect its activity. Indeed, some of the striking differences between the physiological effects of nalidixic acid and coumermycin Al (22) may be a manifestation of the dual role of the nalidixic acid target protein.
Topoisomerases II and II' are enzymes of modular design. A single protein, subunit A, can perform the concerted breakage and rejoining of both strands of the double helix as a reversibly associated component of alternative enzyme assemblies. Reversible subunit association can cause enzymatic activities to be overlooked. Obscuring activities often preclude crude extract assays, but purification away from interfering activities may in the process resolve loosely associated subunits. We have not yet detected any topo II' activity other than that obtained by mixing the subunits in vitro, and we would have been unable to detect and purify v, or subunit B, if we had not had on hand the complementary subunit A. Topoisomerase activity is most conveniently assayed as relaxation of negatively supertwisted circular DNA, but this activity may not accurately reflect the function of a topoisomerase in vivo. Although positive supertwist removal aids any process in which the DNA double helix unwinds, few roles can be envisioned for relaxation of negative supertwists. The doublestrand breakage-and-rejoining activity of topo II' (or topo II) could also be employed, for example, in nonhomologous recombination or in resolution of catenated duplex DNA circles which might occur at the termination of DNA replication or as products of general recombination.
